A theoretical study of the low-lying singlet and triplet electronic states of BrONO 2 is presented. Calculations of excitation energies and oscillator strengths are reported using excited-state coupled cluster response methods, as well as the complete active space self-consistent field method with the full Breit-Pauli spin-orbit operator. The calculations predict that there is only one singlet state for BrONO 2 , the Ã 1 AЉ state, that is accessible at wavelengths longer than 300 nm. At energies below the first singlet state, i.e., Ͼ330 nm, the calculations reveal two triplet states with significant oscillator strength. Therefore, we propose that the origin of absorption in the long wavelength region from 350 to 500 nm, responsible for the majority of atmospheric photolysis, is due to transitions to triplet states and not singlet states. A comparison of the reported benchmark coupled cluster calculations ͑CCSD͒ with the results of ͑1͒ configuration interaction with all single substitutions and a perturbative correction for the double substitutions ͓CIS͑D͔͒ and ͑2͒ time-dependent density-functional ͑TDDF͒ calculations is provided. For the lowest energy excitations, CIS͑D͒ calculations provide quantitative agreement with the CCSD results, while TDDF calculations yield qualitative agreement.
I. INTRODUCTION
Wofsy et al. 1 first suggested that bromine released into the atmosphere could have a major impact on stratospheric ozone. Yung et al. 2 later pointed out that the bromine oxide produced from the release of bromine atoms could couple to other catalytic cycle chemistry to enhance the effectiveness of bromine in promoting ozone loss in the stratosphere. As a result, there has been considerable work over the last several years aimed at characterizing the atmospheric chemistry of bromine source and reservoir species. Although there is a lower abundance of bromine in the atmosphere compared to chlorine, bromine is more effective in removing ozone than chlorine on a per atom basis. Solomon et al. 3 suggested that bromine is about 40 times more efficient than chlorine for Antarctic ozone loss. A more recent estimate 4 indicates that the ratio of Br to Cl efficiency could be as high as 100. The origin of this effect is that the temporary reservoirs for bromine are more photolabile than their chlorine counterparts. The major temporary reservoirs of active bromine are HBr, HOBr, and BrONO 2 . Bromine nitrate, BrONO 2 , is formed in the atmosphere by the reaction of BrO with NO 2 , BrOϩNO 2 ϩM →BrONO 2 ϩM , ͑1͒
and is considered to be the single most important atmospheric reservoir for bromine. There have been a number of studies that have measured the UV absorption cross sections of BrONO 2 to quantify its loss in the atmosphere. 5, 6 The UV spectrum of BrONO 2 has been measured between 200 and 500 nm and shows a broad continuous absorption ͑Fig. 1͒. The spectrum, however, exhibits several inflections suggesting the presence of multiple excited states. Despite the importance of BrONO 2 photochemistry on atmospheric ozone depletion there have been a limited number of experimental investigations of the product quantum yields. Harwood et al. 7 measured photodissociation quantum yields for the production of NO 3 from BrONO 2 at wavelengths of 248, 308, and 352.5 nm. More recently, Soller et al. 8 have reported quantum yields of Br, O, and BrO from photodissociation of BrONO 2 at wavelengths from 248 to 355 nm. No measurement of quantum yields has been reported for wavelengths longer than 360 nm. However, it is in this spectral region where significant BrONO 2 atmospheric photolysis is expected to occur. 6, 9 Aside from the photoelectron spectroscopy study of Dianxun and Peng, 10 no study to date has characterized the nature of the electronic transitions for BrONO 2 . The aim of the present study is twofold: ͑1͒ to understand which electronic excitations in bromine nitrate lead to its observed photodissociation, and ͑2͒ to compare methodologies for calculating excitation spectra to determine which ͑if any͒ more economical methodologies might be used to accurately predict the excitations responsible for photodissociation in bromine nitrate, and, by extension, which more economical methodologies could be applied to similar systems with some level of confidence.
II. DETAILS OF THE CALCULATIONS
The excitation spectra of bromine nitrate have been calculated with coupled cluster singles and doubles ͑CCSD͒ theory using either equation of motion ͑EOM͒ performed with MOLPRO 11 ͓CCSD͑T͒ optimizations/frequencies, EOM-CCSD/aug-cc-pVTZ͔, linear response ͑LR͒ methods performed with DALTON 12 ͑LR-CCSD/aug-cc-pVDZ, CASSCF/ aug-cc-pVDZ͒, CIS͑D͒ performed with Q-CHEM ͑Q-CHEM 2.01͒, 13 and time-dependent density-functional theory ͑TD-DFT͒ performed with Q-CHEM, AMSTERDAM DENSITY FUNC-TIONAL program ͑ADF, ver 2000.02͒, 14 and GAUSSIAN 98 ͑Rev A.11.3͒. 15 When calculating excitation spectra with various TDDFT methods, none of the excitations considered were larger than Ϫ HOMO ͑the negative LDA energy of the highest occupied molecular orbital͒.
Using MOLPRO, the equilibrium structure and harmonic vibrational frequencies of the X 1 AЈ electronic ground state of BrONO 2 was calculated at the coupled cluster singles and doubles level of theory with a perturbative treatment of connected triple excitations, CCSD͑T͒. 16 In all cases the frozen core approximation was employed, which included the Br 3d electrons. The vertical excitation energies for singlet and triplet excited states of BrONO 2 were calculated at the CCSD level of theory using either equation of motion ͑EOM͒ ͑Ref. 17͒ or linear response ͑LR͒ methods. 18 The oscillator strengths for the singlet transitions were obtained by LR-CCSD/aug-cc-pVDZ. In the case of the triplet states, the ground-state singlet to triplet oscillator strengths were calculated using the complete active space self-consistent field ͑CASSCF/aug-cc-pVDZ͒ method with the full BreitPauli spin-orbit operator. 19 A full valence active space was utilized in these calculations in which the Br 3s and O 2s orbitals were constrained to be doubly occupied. Analogous calculations were also carried out on just the singlet states, which confirmed that these CASSCF calculations yield very similar oscillator strengths as CCSD. In order to assess the effects of scalar relativity, EOM-CCSD/aug-cc-pVDZ-DK calculations were also carried out with the Douglas-KrollHess ͑DK͒ Hamiltonian. 20 In these calculations the spd part of the basis set was recontracted using atomic orbitals from DK-SCF calculations.
Several hybrid and nonhybrid gradient corrected density functional theory ͑DFT͒ functionals were chosen for the current study including the ubiquitous B3LYP, and two more recently derived functionals, PBE1PBE ͑Ref. 21͒ ͑a hybrid gradient corrected functional͒ and LB94 ͑Ref. 22͒ ͑which gives the correct asymptotic behavior for the exchange correlation ͑XC͒ potential and designed specifically for TDDFT calculations͒.
In GAUSSIAN 98 all functionals, B3LYP ͓Becke threeparameter exchange functional ͑B3͒ ͑Ref. 23͒ and the LeeYang-Parr correlation functional ͑LYP͒ ͑Ref. 24͔͒, BP86 ͓the Becke exchange functional ͑B͒ ͑Ref. 25͒, and the Perdew correlation functional ͑P86͒ ͑Ref. 26͔͒, B3P86, and PBE1PBE ͑Ref. 21͒ density-functional theory 27 were implemented with default pruned fine grids ͑75 302͒ for energies, default pruned course grids ͑35 110͒ for gradients and Hessians, default SCF convergence ͑RMS of density: 10 Ϫ8 ) for geometry optimizations, and nondefault SCF convergence (10 Ϫ8 ) for single-point calculations. The character of the stationary point for fully optimized structures was determined by analytical frequency calculations. 28 In cases where singlepoint energy calculations are reported for structures optimized at a different level of theory, literature standard notation 29 has been used, i.e., BP86/BS2//B3LYP/BS1 denotes single-point energy calculations with the BP86 functional and basis set BS2 at the geometry optimized with the B3LYP functional and basis set BS1. Single-point B3LYP, B3P86, BP86, and PBE1PBE calculations were performed with the GAUSSIAN 98 implementations of B3LYP, B3P86, BP86, PBE1PBE at the CCSD͑T͒/aug-cc-pVTZ geometry ͑and other geometries, the results of which are given in supporting information͒.
The default version of B3LYP in Q-CHEM is the same as the implementation in GAUSSIAN 98, but a more course grid ͑SG-1 pruned course grid ͓50 194 ͑Ref. 30͔͒ is the default for DFT calculations. The default SCF convergence ͑RMS of density: 10 Ϫ5 ) was used for the Hartree-Fock SCF ͓used in CIS͑D͒ calculations͔ and nondefault SCF convergence (10 Ϫ8 ) was used for the TDDFT single-point calculations. Full TDDFT calculations were performed in Q-CHEM; the results of the calculations from the Tamm-Dancoff approximation were similar and are not reported.
For the purpose of comparison, single-point BP86 and LB94 ͑Ref. 22͒ calculations were also performed with the ADF implementation of BP86 ͑ADF-BP86͒ and LB94 ͑ADF-LB94͒ and with scalar relativistic effects by the zeroth-order regular approximation ͑ZORA͒. ADF uses Slater-type orbital ͑STO͒ basis sets and contains a density fitting procedure using auxiliary basis functions ͑also known as fit functions͒ for the evaluation of the Coulomb potential. Scalar relativistic calculations used ADF ZORA basis sets, which have been optimized for use within ZORA relativistic calculations, and no core orbitals were frozen. Two different generalized gradient approximated ͑GGA͒ exchangecorrelation potentials were used: ͑1͒ the exchange functional developed by Becke ͑B͒ and the correlation functional developed by Perdew ͑P86͒ ͑as implemented in ADF͒, and ͑2͒ the van Leeuwen-Baerends potential ͑LB94͒, which corrects the LDA XC potential to give the correct asymptotic behavior for the XC potential ͑i.e., LDA and many GGA's have a collapse of the states above Ϫ HOMO ). In all ADF calculations, a Davidson diagonalization procedure was used to iteratively solve for the lowest singlet and triplet excitations ͑the total number depends on the method͒. None of the excitations presently considered were larger than the Ϫ HOMO ͑ADF-BP86 HOMO ϭϪ7.4 eV and ADF-LB94 HOMO ϭ Ϫ12.8 eV). The geometry used in ADF calculations was the QCISD/BS2 ͓BS2 is 6-31G(dЈ), as defined below͔ geometry optimized with GAUSSIAN 98.
Several basis sets were used in this work and will generally be denoted by BS1 through BS8. BS1 utilizes the LanL2DZ basis set augmented with a d polarization function 31 and a single set of diffuse functions for bromine ͓double-zeta ͑DZ͒ plus polarization ͑P͒ and s and p diffuse functions ͑ϩ͒, relativistic effective core potential, DZϩP-RECP͔ and DZϩP basis sets for oxygen and nitrogen atoms ͓6-31ϩG(dЈ)͔. The 6-31G(dЈ) basis set has the d polarization functions for C, N, O, and F taken from the 6-311G basis set, instead of the original arbitrarily assigned value of 0.8 used in the 6-31G(d) basis set.
32 BS2 utilizes 6-31G(dЈ) for oxygen, nitrogen, and bromine. BS3 utilizes the BS1 basis set for oxygen and nitrogen, but replaces the RECP and basis set of bromine with 6-31ϩG(dЈ). BS4 or VDZ utilizes the cc-pVDZ for oxygen, nitrogen, and bromine.
33 BS5 or AVDZ utilizes the aug-cc-pVDZ for oxygen, nitrogen, and bromine ͑also used in CCSD and CASSCF calculations described above͒. 33 BS6 or VTZ utilizes the cc-pVTZ for oxygen, nitrogen, and bromine. BS7 or AVTZ utilizes the aug-cc-pVTZ for oxygen, nitrogen, and bromine ͑also used in CCSD calculations͒. 33 BS8, only for the ADF calculations, utilizes the standard ADF ZORA V ͑TZDP͒ basis sets for bromine, nitrogen, and oxygen. BS9 utilizes the aug-cc-pVDZ-DK set for oxygen, nitrogen, and bromine ͑already used in DK-EOM-CCSD calculations͒. Only the pure spherical harmonic components of the d and f functions were used, i.e., five component d's and seven component f's.
III. RESULTS AND DISCUSSION

A. Electronic ground state of bromine nitrate
The calculated CCSD͑T͒ equilibrium geometry for the ground electronic state of BrONO 2 is shown in Table I where the computed structural parameters are also compared to the vibrationally averaged experimental values. 34 Not unexpectedly, large basis set effects are observed for the BrOЉ distance, which is shortened by 0.034 Å when the basis set is increased from aug-cc-pVDZ to aug-cc-pVTZ. The CCSD͑T͒/aug-cc-pVTZ value is in excellent agreement with experiment given that both core-valence correlation and scalar relativity are neglected in the present study. The equilibrium r(ЉON) value is calculated to be 1.476 Å at the CCSD͑T͒/aug-cc-pVTZ level of theory, which is longer than the experimental value by nearly 0.02 Å. This is far outside the expected error of these calculations. Likewise, the bestcalculated values for the two NO distances are shorter than experiment by more than 0.008 Å. Further expansion of the basis set and core-valence correlation would be expected to further reduce the ab initio values by an additional 0.005 Å or more. Last, the calculated ЄONOЈ angle is much larger ͑ϳ3°͒ than the experimental value. Thus, outside of the BrOЉ distance, the present CCSD͑T͒/aug-cc-pVTZ values may represent the most accurate estimate of the true equilibrium structure of bromine nitrate and the experimental equilibrium structure should be re-evaluated. These results are entirely consistent with the earlier CCSD͑T͒/TZ2P results of Parthiban and Lee 35 who also recognized similar discrepancies with experiment. For comparison purposes, a less expensive QCISD/BS2 geometry optimization was also performed and the results are in reasonable agreement with the experimental data and the CCSD͑T͒ results.
Calculated harmonic vibrational frequencies of BrONO 2 are shown in Table II and the normal mode vectors are displayed in Fig. 2 . The differences between theory and experiment primarily arise from the combination of the use of the aug-cc-pVDZ basis set, which is expected to produce harmonic frequencies that are too small, and anharmonic effects, the neglect of which will for the most part yield frequencies Vertical excitation energies calculated for bromine nitrate calculated with LR-and EOM-CCSD are given in Table  III ; one may regard these calculations as the benchmark for comparison to other methodologies. The lowest lying states of both AЈ and AЉ symmetry involve single excitations from the lone pair orbitals of Br into the BrOЉ * orbital. The next higher transitions involve excitations from either nonbonding oxygen orbitals or the BrOЉ orbital into either a NO * orbital or the aforementioned * orbital. Hence all of the transitions calculated in this work involve excitations into orbitals with antibonding character. At the CCSD level of theory the effect of expanding the basis set from AVDZ to AVTZ tends to increase the excitation energies by about 0.1-0.2 eV. All of these states are well characterized by single excitations from the HF configuration of the ground state (% t 1 Ͼ91 for the singlets and Ͼ97% for the triplets͒ and hence CCSD should yield excitation energies accurate to within ϳ0.2 eV. Inclusion of scalar relativity via the DK Hamiltonian has nearly a negligible effect on the excitation energies; the largest effects are Ϫ0.04 and Ϫ0.05 eV for the lowest two transitions.
The lowest excited singlet state of BrONO 2 , the Ã 1 AЉ, has a CCSD/AVTZ vertical transition wavelength of 327 nm (Eϭ3.8 eV) with a relatively small oscillator strength of 8ϫ10 Ϫ6 . The second excited singlet, the B 1 AЈ, lies at an energy of about 4.4 eV ͑ϭ281 nm͒ with an oscillator strength nearly two orders of magnitude larger than the Ã 1 AЉ state. Last, three relatively strong transitions are calculated to have band maxima at wavelengths between 193 and 208 nm. Among the triplet transitions, two states have vertical excitation energies below 3.6 eV, which corresponds to wavelengths longer than 345 nm. Both triplets lie lower in energy than the lowest singlet excited state and, in particular, both have larger calculated oscillator strengths by an order of magnitude. A few higher-lying triplets are also calculated to have relatively large intensities, but these have CCSD vertical transition wavelengths of 214 and 199 nm where the spectra should be dominated by more intense transitions of singlet states.
C. Comparison with ''more economical'' ab initio and TDDFT results
Head-Gordon and co-workers developed the CIS͑D͒ ͑Ref. 36͒ methodology, which adds a perturbative correction for the double excitations to CIS, and successfully applied this methodology to the excited states of several molecules. 37 Several variants of CIS͑D͒ have also been compared to CCSD for several chlorine and bromine containing speices by Lee et al. 38 Assignments of the CIS͑D͒ ͓and B3LYP TDDFT/VTZ͔ electronic transitions in this work have been made through the use of a relaxed electron attachmentdetachment density analysis. 39 This procedure was used to produce the density plot in Fig. 3 , which represents the transitions for the first two triplet excitations from CIS͑D͒/VTZ// QCISD/6-31G͑dЈ͒. The first two CIS͑D͒ singlet and triplet excitations agree quantitatively with the CCSD results ͑Table III͒. Higher excitations are still in agreement with the CCSD results although there is a slight reordering and the existence of higher energy excitations varies slightly by methodology. The variation of the predicted excitations with the geometry is generally less than 0.15 eV, with the largest deviation coming at the highest excitation energies, which have the highest calculational error. This small deviation in the calculated excitations with geometry and basis sets is demonstrated by an examination of other CIS͑D͒ results provided in the supporting information. The singlet and triplet excitations produced by LR-and EOM-CCSD ͑two different geometries and two different basis sets͒ and by CIS͑D͒ ͑one geometry and one basis set͒ are tabulated in Table III . ͓CIS͑D͒ results for two geometries with three different basis sets are provided in the supporting information in Table S1͔ .
Time-dependent density-functional theory ͑TDDFT͒ ͑Ref. 40͒ offers an alternative to more expensive wave function based techniques, which consider explicit excitations for calculating response ͑time evolution͒ properties, such as dipole polarizabilities and excitation energies. The calculation of excitation energies and oscillator strengths with TDDFT relies on the linear response of the density to an applied frequency-dependent external potential. Two approximations are made in TDDFT calculations: ͑1͒ the use of an exchangecorrelation ͑XC͒ potential, which determines the Kohn-Sham orbitals and orbital energies, and ͑2͒ the use of the adiabatic local-density approximation ͑ALDA͒ for the functional derivative of the time dependent XC potential with respect to the density.
The singlet and triplet excitations produced by six different TDDFT methods ͑both pure DFT: ADF-BP86, ADF-LB94, and BP86; and hybrid DFT: B3LYP, B3P86, and PBE1PBE͒ with a variety of basis sets are tabulated in Tables III-V. Some implementations with explicit treatment of relativistic effects and others with implicit treatment through the use of a relativistic effective core potential were examined with Pople-style and correlation-consistent GTO-type basis sets ͑some combined with a relativistic effective core potential for bromine͒ as well as STO-type basis sets. These DFT functionals were selected based on their widespread application and versatility and/or their previous success in TDDFT calculations. The comparison of hybrid gradient corrected functionals to pure gradient corrected functionals with a variety of basis sets should prove useful in establishing their relative accuracy. In order to compare results between the ab initio and the B3LYP-TDDFT/VTZ calculations, assignments of the electronic transitions have been made through the use of a relaxed electron attachment-detachment density analysis. In general, the TDDFT methods slightly underestimate both the singlet and triplet excitations when compared to the results from CIS͑D͒ and CCSD, but the ''best fit'' line for the excitations from the B3LYP TDDFT excitations compares well to the lines produced from a comparison of the CCSD and CIS͑D͒ results plotted against the CCSD excitations ͑see Fig.  4͒ . From the tabulated data, one may observe that the ordering of the first few excitations agrees with the ordering from CCSD and CIS͑D͒ for the B3LYP method; but the B3LYP calculations produce a larger number of low energy excitations and a significant reordering of the higher energy excitations when compared to the ab initio techniques.
Interestingly, the wide variety of DFT methods predict similar excitation spectra with few notable exceptions. The hybrid and pure DFT methods both give very similar results for both the singlet and triplet excitations and oscillator strengths, and the use of a RECP to represent the bromine core orbitals has little effect on the predicted spectra. The comparison of the results from an implicit treatment of relativistic effects and a GTO-type basis set, BP86/BS2 ͓BS2ϵGTO-DZϩP-RECP͔, to the results of an explicit treatment of relativistic effects by the zeroth-order regular approximation with an all electron STO-type basis set, ADF-BP86͑ZORA͒/BS8 ͓BS8ϵSTO-TZDP͔, reveals no significant difference in the predicted excitations for the same functional. 41 Somewhat surprisingly, the lower energy excitations by ADF-LB94 are in poorer agreement than other DFT methods with benchmark higher level ab initio calculations.
IV. SUMMARY
Vertical singlet and triplet excitation energies have been calculated for BrONO 2 using the CCSD method with double-and triple-zeta correlation consistent basis sets ͑used as our benchmark calculations͒. Only one excited singlet state is calculated to have a vertical transition energy less than 4 eV ͑Ͼ310 nm͒. Two triplet states have calculated vertical excitation energies below 4 eV, the ã 3 AЉ state at 2.94 eV ͑ϭ422 nm͒ and the b 3 AЈ at 3.55 eV ͑ϭ349 nm͒. Both are predicted to have significant oscillator strengths and all the transitions involve Br lp →*. The results suggest that at wavelengths that are atmospherically relevant to BrONO 2 photolysis, the absorption is dominated by excitation to triplet states. In addition, both states are described by antibonding character between Br-O atoms. Although this may imply that BrϩNO 3 is the dominant photolysis channel at long wavelengths, confirmation of this will require further studies on the excited-state dynamics. A methodological comparison for the calculation of excitation spectra reveals that the CIS͑D͒ method performs quite well for predicting the absolute energies of the first few excitations at lower computational cost when compared to CCSD calculations. For this system any reasonable geometry with at least double zeta plus polarization and diffuse functions ͑DZϩP͒ yields reasonable results with the CIS͑D͒ method. TDDFT methods produce results for the first few singlet and triplet excitations that qualitatively compare well to CCSD results, but more lower energy excitations are produced and, at higher energies, the excitations are reordered when compared to CCSD excitations. The predicted lowest energy excitations are not significantly sensitive to the method and/or the quality of the basis set ͑starting at a minimum of DZϩP͒. The robustness of the predicted low-lying states with respect to methodology provides additional credence to the argument that these excitations are in fact the observed lowest energy transitions.
